Abstract Wheat (Triticum aestivum L.) production by intercropping with faba bean (Vicia faba L.) has increased in popularity but is often associated with severe wheat powdery mildew (Blumeria graminis (DC.) Speer). Very little is known about the effects of below-and aboveground interspecific interactions on wheat nitrogen (N) nutrition and occurrence of wheat powdery mildew. A greenhouse pot experiment examined four N application rates and three belowground partition types (plastic film, nylon mesh partition or no partition) to study N nutrition and interactions between wheat and faba bean growing together. A field experiment investigated three N application rates and growth of wheat in monoculture and intercropped with faba bean with or without belowground plastic film partitions between wheat and faba bean. Disease incidence (DI) and disease severity index (DSI) were assessed at flowering stage and wheat leaves were sampled and analyzed for N. Foliar N was enhanced substantially by N addition in greenhouse and field conditions and also by belowground interactions (no partition compared with plastic film partition) in the pot experiment (all P < 0.001). There was a significant synergistic effect between N rate and belowground interactions on the enhancement of wheat N uptake (P < 0.01) in the pot experiment. DI and DSI of mildew increased markedly with increasing N rate in both experiments (all P < 0.001). In the pot experiment DI and DSI showed no marked differences among belowground partitions (both P > 0.05) but belowground interactions had soil but promoting disease with 0.05 g added N kg -1 soil. In the field experiment DI and DSI showed no significant differences between wheat monoculture and intercropping (both P > 0.05). However, the contributions of below-and aboveground interactions to disease control were different under different N rates, with interspecific root interactions increasing DI and DSI under different N rates and aboveground interactions increasing DI and DSI under zero-N application but decreasing DI and DSI at 150 and 300 kg N ha -1 . The data suggest that the microclimate in the field and biological control mechanisms due to belowground interactions in wheat-faba bean associations may influence the incidence and severity of wheat powdery mildew.
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Abstract Wheat (Triticum aestivum L.) production by intercropping with faba bean (Vicia faba L.) has increased in popularity but is often associated with severe wheat powdery mildew (Blumeria graminis (DC.) Speer). Very little is known about the effects of below-and aboveground interspecific interactions on wheat nitrogen (N) nutrition and occurrence of wheat powdery mildew. A greenhouse pot experiment examined four N application rates and three belowground partition types (plastic film, nylon mesh partition or no partition) to study N nutrition and interactions between wheat and faba bean growing together. A field experiment investigated three N application rates and growth of wheat in monoculture and intercropped with faba bean with or without belowground plastic film partitions between wheat and faba bean. Disease incidence (DI) and disease severity index (DSI) were assessed at flowering stage and wheat leaves were sampled and analyzed for N. Foliar N was enhanced substantially by N addition in greenhouse and field conditions and also by belowground interactions (no partition compared with plastic film partition) in the pot experiment (all P < 0.001). There was a significant synergistic effect between N rate and belowground interactions on the enhancement of wheat N uptake (P < 0.01) in the pot experiment. DI and DSI of mildew increased markedly with increasing N rate in both experiments (all P < 0.001). In the pot experiment DI and DSI showed no marked differences among belowground partitions (both P > 0.05) but belowground interactions had different effects under different N rates, limiting disease occurrence under 0, 0.1 and 0.2 g N kg -1 soil but promoting disease with 0.05 g added N kg -1 soil. In the field experiment DI and DSI showed no significant differences between wheat monoculture and intercropping (both P > 0.05). However, the contributions of below-and aboveground interactions to disease control were different under different N rates, with interspecific root interactions increasing DI and DSI under different N rates and aboveground interactions increasing DI and DSI under zero-N application but decreasing DI and DSI at 150 and 300 kg N ha -1 . The data suggest that the microclimate in the field and biological control mechanisms due to belowground interactions in wheat-faba bean associations may influence the incidence and severity of wheat powdery mildew.
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Introduction
Wheat yields in China increased from 0.8 t ha -1 year -1 on average in the 1950s to 3.7 t ha -1 year -1 in 2000 (Shen and Liang 2001) . The main factor limiting increased wheat production is the severity of diseases such as stripe rust (Puccinia striiformis) and powdery mildew. In Yunnan Province, southwest China, wheat is the third most important cereal after rice and maize, with 0.6 million ha under cultivation (Yu et al. 2001) and yields averaging 2.1 t ha -1 , which is less than the national average, mainly due to the severity of wheat strip rust and powdery mildew (Shen and Liang 2001) .
Powdery mildew is an important disease of wheat worldwide, especially in highly productive areas with a maritime or semi-continental climate (Bennett 1984) . In China wheat powdery mildew used to occur only occasionally in the southwestern plateau and coastal area of Shandong Province before the 1970s (Tao et al. 1982; Liu 1989) . However, its severity increased markedly during the early 1980s, mainly due to high application rates of nitrogenous fertilizers, production of semi dwarf wheat cultivars, and expansion of irrigated areas. The area of wheat production affected by powdery mildew increased from 2.9 million ha in 1981 to 12.0 million ha in 1990 with an estimated grain yield loss of 14.4 million tons (Wu 1990) . In recent years the productivity of wheat has been highly variable and this has been attributed mainly due to the severity of pests and diseases. Despite the adoption of several applications of the fungicide triadimefon at a cost of 215 yuan ha -1 as the routine crop protection strategy (Zhu et al. 2004) , effective integrated strategies for control of diseases such as powdery mildew include breeding wheat cultivars with resistance genes , growing mixtures of several wheat cultivars with different resistance (Browning and Frey 1969; Cox et al. 2004) , intercropping wheat with other crop species such as maize, soybean or faba bean (Zhu et al. 2004) , and improving cultural practices such as planting time, planting density, N fertilizer use and water control.
The epidemiology of wheat powdery mildew is influenced by a range of factors of which fertilizer use is the most important followed by pathogen source and climatic conditions. Large single applications or excessive multiple applications of N fertilizers have consistently resulted in serious outbreaks of fungal disease, and of powdery mildew in particular (Olesen et al. 2003) . Some studies have demonstrated a significant influence of N fertilizer on powdery mildew, with a strong positive correlation between N rate and severity index of the disease and a significant negative correlation between grain yield and disease index (Zhang and Zhang 1991; Gao et al. 1993) . Wheat grain yield and product quality were found to be substantially influenced by N nutrition (Guttieri et al. 2005; Varga et al. 2005 ) and foliar disease (Puppala et al. 1998) , and N utilization and management are recognized as very important factors in wheat production (Olesen et al. 2000; Kratochvil et al. 2005) . Numerous studies have indicated the advantageous effects of various cultural practices on disease control and higher yields, including mixtures of several varieties (Mundt 2002; Cox et al. 2004) or intercropping wheat with other species (Trenbath 1993; Zhu et al. 2004) and N fertilizer utilization associated with fungicide application (Varga et al. 2005) . Cereal-legume intercropping is popular world-wide and in China the main interspecific facilitation found in this cropping system was improved N nutrition of cereals from associated legumes through underground interactions (Li et al. 2001; Xiao et al. 2004) . Numerous studies have focussed on competition and/or facilitation between intercropped wheat and faba bean for N (Xiao et al. 2004) or on the effects of N use on powdery mildew of wheat grown in monoculture (Olesen et al. 2000 (Olesen et al. , 2003 . However, to date there have been few studies on the relationship between N nutrition and powdery mildew as influenced by belowground interactions and N inputs in cereallegume intercropping systems. The objectives of the present study were therefore to determine the effects of N application rate and belowground interactions on N nutrition of wheat, evaluate the influence of N rate and belowground interactions on wheat powdery mildew in wheat-faba bean intercropping systems under greenhouse and field conditions, and elucidate the relationship between plant N status and powdery mildew severity index.
Materials and methods

Pot experiment
The pot experiment was carried out from May to August 2004 in a greenhouse at Yunnan Agricultural University (YNAU), Kunming, Yunnan Province. The soil used was taken from the top 30 cm of the soil profile in a paddy field near YNAU, air-dried and ground, and sieved to pass through a 5-mm mesh. The nutrient status of the soil is shown in Table 1 .
The experimental factors were four N rates (0, 0.05, 0.1, 0.2 g N kg -1 soil designated N 0 , N 0.05 , N 0.1 , N 0.2 ) and three belowground partitions (plastic film, 400-mesh nylon and no partition between the wheat and faba bean root systems designated P, M, I) as shown in Fig. 1 has moderate resistance to powdery mildew. The field had a long history of rice production and there was a firm ploughing pan at 30-40 cm depth. An impermeable plastic sheet was therefore inserted in the ground between the strips of wheat and faba bean to a depth of 0.5 m to prevent interspecific belowground interactions (Fig. 1d) . The method of soil disturbance and plastic sheet insertion into the soil was as follows. In the intercropping plots (W p and W i ) the soil where faba bean was to be grown was dug up and a ditch measuring 6 m long · 0.5 m deep · 0.6 (or 0.3) m wide) was dug. Plastic sheet was then either held against the wall of the ditch where belowground interactions were to be prevented or no plastic sheet was used where belowground interactions were to be allowed. The soil was then carefully replaced in each ditch, with the subsoil backfilled first and then the topsoil, which was finally compacted. This procedure was followed to ensure that the same degree of soil disturbance occurred in all the intercropping plots with and without belowground partitioning.
Seedbed dressings of 50% of the N rates and 100 kg P 2 O 5 ha -1 and 100 kg K 2 O ha -1 were evenly distributed by hand on the surface of the plots and then incorporated into the top 20 cm of the soil with hoes prior to sowing, and the remaining 50% of the N fertilizer was applied as a top dressing before the stem elongation stage on water were applied at stem elongation stage at flowering stage, respectively, as foliar sprays to control aphids.
Disease assessment
Powdery mildew on wheat occurring naturally and without inoculation of the pathogen was investigated at the flowering stage. In the pot experiment all green leaves on the main culms, a total of 45-60 leaves per pot, were investigated. In the field experiment 5 random points in half of the monoculture plots and 3 random points covering the border row and inner rows in half of the intercropping plots were selected ( Fig. 1) . At each point in sole wheat ten culms were randomly selected. In the intercropped wheat, ten culms at each row in border and inner rows were randomly selected. All green leaves on the selected culms, a total of 150-180 leaves and 270-320 leaves per plot, were investigated in the monoculture and intercropping plots, respectively. The severity of disease was estimated visually (Liu and Zhou 1988) based on the actual percentage of the total leaf area covered by powdery mildew. Each leaf was allocated a rating from 0 to 8, where 0 = no disease, 1 < 1.0% of leaf area diseased, 2 = 1.1-5.0%, 3 = 5.1-10.0%, 4 = 10.1-20.0%, 5 = 20.1-40.0%, 6 = 40.1-60.0%, 7 = 60.1-80.0%, and 8 = 80.1-100.0% (Zhu et al. 2004 ).
Soil and leaf sampling and analysis
Soil samples were taken prior to transplanting, air-dried and analyzed by standard soil chemical analysis methods (Bao 2000) . Foliar samples were taken after disease investigation, oven-dried below 105°C for 30 min and then below 70°C for 48 h. Foliar N concentrations were determined on sub-samples ground to 1 mm by the micro-Kjeldahl procedure (Bao 2000) .
Calculations and data analysis Disease incidence (DI) and disease severity index (DSI) were calculated as follows:
where i represents disease categories 0, 1, 2, 3, 4, 5, 6, 7 and 8, and N i is the number of leaves in each of the disease categories (Zhu et al. 2004 ). Cahill (1999 Cahill ( , 2002 discussed root competition for water and nutrients and shoot competition for light and interactions between below-and aboveground competition in some detail. He pointed out that in grassland ecosystems root and shoot competition do operate independently, but instead interact to affect plant growth. However, there is little information available on root and shoot interactions and their interactive effects in agricultural systems, and no studies have been reported on the separate contributions of belowand aboveground interactions to disease control. Accordingly, we made the assumption that the effects of below-and aboveground interactions are independent, and that the effect of intercropping is the sum of below-and aboveground interactions. The defence effects of intercropping and belowground interactions between wheat and faba bean on DI and DSI were calculated directly as follows:
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Under field conditions it is very difficult or impossible to separate aboveground interactions between wheat and faba bean to eliminate windspread of pathogens among the plots, therefore the effect of aboveground interactions is not determined directly but is estimated indirectly as: Taking foliar N concentration as the independent variable (x) and DSI as the dependent variable (y), the best-fit nonlinear regression equation between foliar N concentration and DSI was established according to the distribution graph of values (x, y).
All data were subjected to analysis of variance using the SAS software package (Version 8.2, SAS Institute, Inc., Cary, NC, USA) and mean values were compared by calculating least significant difference (LSD) at the 5% level.
Results
Plant N status
In the pot experiment wheat foliar N concentrations were influenced significantly by both N application rate and belowground interactions (both P < 0.001). At all N rates foliar N concentrations in M (nylon mesh partition) and I (no partition) treatments increased substantially compared with the P (plastic film partition) treatment, but showed no difference between M and I treatments. Average increases in wheat foliar N concentrations in M and I treatments compared with P treatment were 97.9, 39.6, 7.6 and 7.1% for N rates of 0, 0.05, 0.1 and 0.2 g kg -1 , and 20.2% averaged over all four N rates (Table 2) , indicating that increasing wheat foliar N status due to belowground interactions between wheat and faba bean were largest in zero-N pots and decreased with increasing N application rate.
In the pot experiment wheat foliar N concentrations across all belowground partition types tended to increase with increasing N rate. Furthermore, the increase in foliar N attributable to N application was greater in the P treatments (by 181, 407 and 434% for N 0.05 , N 0.1 and N 0.2 , respectively) than in the M treatments (by 101, 173 and 190% for N 0.05 , N 0.1 and N 0.2 , respectively) or I treatments (by 96, 179 and 189% for N 0.05 , N 0.1 and N 0.2 , respectively) ( Table 2 ). There was a significant interaction between N application and belowground interactions (P < 0.01).
Wheat foliar N concentrations in the field were influenced by N application rate (P < 0.001) but not by monoculture versus intercropping (P > 0.05). Because of heterogeneity in soil conditions in the field the differences between blocks were almost significant (P = 0.057).
In the field experiment foliar N concentrations showed no discernible differences between monoculture and intercropping irrespective of N rate and higher under intercropping by only 18.7, 7.5 and 0.7% at N 0 , N 150 and N 300 , respectively. Belowground interactions increased foliar N concentrations by only 11.0 and 15.2% at N 0 and N 150 and decreased them by 5.7% at N 300 . Overall, intercropping and belowground interactions increased foliar N concentrations of wheat by only 7.0 and 5.0% (Table 3 ). Foliar N concentrations in wheat increased markedly with increasing N rate across all planting patterns including intercropping with faba bean (Table 3) .
Wheat powdery mildew
In the pot experiment DI and DSI were influenced significantly by N rate (both P < 0.001) but not by the degree of belowground interactions (both P > 0.05). DI and DSI increased substantially with increasing N rate across all degrees of belowground interactions. Although there were no marked differences among belowground partition treatments across all N rates (Fig. 2) , belowground interactions between wheat and faba bean had different effects on powdery mildew occurrence under different N rates, with belowground interactions (I compared with P) limiting powdery mildew occurrence under N 0 , N 0.2 and N 0.1 (DI decreasing by 29.3, 15.6, 3.8% and DSI by 25.7, 16.0 and 0.9%), but promoting powdery mildew occurrence under N 0.05 with DI and DSI increasing by 23.7 and 40.6% (Table 4) .
In the field experiment DI and DSI were not influenced by monoculture versus intercropping (both P > 0.05) but were strongly affected by N rate (both P < 0.001) despite significant differences in DI and DSI between blocks (P < 0.05 and P < 0.01). DI values were <50% under N 0 but increased markedly to >90% with N 150 and N 300 , DSI also increased substantially with increasing N rate across all planting patterns, while DI and DSI showed no significant differences between monoculture and intercropping under different N rates (Fig. 2) .
Intercropping, belowground interspecific interactions and aboveground interactions made different contributions to the control of wheat powdery mildew in the field experiment (Table 4) . Belowground interactions had a positive effect across all N rates but there were no significant difference among N application rates. Aboveground interactions had a positive effect only at N 0 but showed negative effects at N 150 and N 300 and the differences between N 0 and the other two N rates were pronounced. Accordingly, at N 0 both below-and aboveground interactions had similar positive effects but application rates N 150 and N 300 showed marked differences between below-and aboveground interactions. Intercropping produced increases in DI and DSI values of intercropped wheat of 27.1 and 49.5% at N 0 but little change in DI at N 150 and N 300 .
Relationship between foliar N concentration and powdery mildew severity index
The distribution graph of values (x, y) with different belowground partitions or planting patterns (monoculture vs. intercropping) showed significant positive relationships between N concentration and DSI, and the best-fit regression equations over different belowground partitions or planting patterns describing these synergistic relationships were y = 0.0036x 2.7768 (R 2 = 0.7783, P < 0.0001) in the field experiment (Fig. 3a) and y = 1.0333e 0.1708x (R 2 = 0.8342, P < 0.0001) in the pot experiment (Fig. 3b) . The shapes of the bestfit curves were similar in the two experiments, with a clear break point indicating that when the N concentration was below the break point DSI was small and changed only slightly, but when the N concentration was above the break point DSI increased markedly with increasing N concentration. The N concentration value of the break point was different in the two experiments, at 10.0 g kg -1 in the pot experiment and 17.5 g kg -1
in the field study (Fig. 3) .
Discussion
Plant N status
As would be expected, in both the pot and field experiments wheat foliar N concentrations increased with increasing N application rate regardless of belowground interactions or whether wheat was grown in monoculture or intercropped with faba bean. The pattern of increasing foliar N concentration resulting from increasing N application, however, was different among N rates and belowground partitions in the pot experiment and between monoculture and intercropping in the field experiment, with larger increases in wheat foliar N status at lower N rates than at higher N rates in both experiments (Tables 2 and 3 ). The increases in foliar N were also larger with plastic film partitions than the mesh partitions or root intermingling in the pot experiment (Table 2) , but very similar among the monoculture, intercropping and partition treatments in the field experiment (Table 3) . Thus, there were substantial effects of belowground interactions on the enhancement of N nutrition of wheat in the pot experiment but not of intercropping or belowground interactions in the field. This may have been due mainly to the pots used being only 25 cm high and the confined space may have promoted the more pronounced belowground effects of intercropped wheat and faba bean observed in the pot experiment compared with field conditions. Xiao et al. (2004) used a similar belowground partition method in a pot experiment and obtained similar enhancement of N concentrations in both wheat straw and grain from associated faba bean. However, to date there have been no reported studies using root barriers between wheat and faba bean under field conditions to compare with the present study. Li et al. (2003) , respectively; planting patterns are W m (wheat monoculture), W p (intercropping wheat and faba bean with plastic film partition between the roots of two crops), W i (intercropping wheat and faba bean with no partition between the roots of the two crop species), respectively. In the pot experiment, N rates are 0, 0.05, 0.1, 0.2 g N kg -1 soil, respectively; belowground partitions between the two crop species are P (plastic film partition), M (nylon mesh partition), I (no partition), respectively set up a micro-plot belowground partition experiment with maize-faba bean intercropping at Jinyuan county, Gansu Province, China, and found no significant differences in maize or faba bean plant N concentrations among three root partition treatments, but N uptake by faba bean or maize without any root partitions was about 20% higher than that with plastic sheet and nylon mesh barriers. Khanna (1997) and Bauhus et al. (2000) showed that acacia improved the N nutrition of eucalypts through N 2 fixation by the acacia and the decomposition of N-rich acacia roots and subsequent uptake by eucalypt fine roots of the N released. In the present pot experiment increased wheat foliar N concentrations were similar in treatments with mesh partitions and root intermingling, implying that soluble N compounds diffused or were transported from the rhizosphere of faba bean to the rhizosphere of wheat.
Influence of N addition on wheat powdery mildew
In agricultural ecosystems N application usually increases crop foliar fungal disease severity (Jenkyn 1976; Nordin et al. 1998; Olesen et al. 2003) but can sometimes potentially reduce disease severity (Huber and Watson 1974) . Nitrogen addition has been hypothesized to increase foliar fungal disease severity by mechanisms such as increasing the concentration of foliar N available as a resource to the pathogens (the nitrogendisease hypothesis) (Jensen and Munk 1997; Nordin et al. 1998; Strengbom et al. 2002) , decreased production of defensive compounds (Sander and Heitefuss 1998) , or increased microclimate humidity (Jenkyn 1976 ) (cited by Mitchell et al. 2003) . In the present study, in both the pot and field experiments, wheat foliar N concentrations increased significantly with increasing N rate and the DI and DSI of wheat were highly and positively correlated with the foliar N concentrations in accordance with the nitrogen-disease hypothesis (Jensen and Munk 1997; Nordin et al. 1998; Strengbom et al. 2002) , implying that N fertilizer management may be a key component in the control of wheat powdery mildew.
Influence of belowground interactions on wheat powdery mildew Based on the expectation that belowground interactions between wheat and associated faba bean may improve the N nutrition of wheat (Xiao et al. 2004) and that wheat powdery mildew is positively correlated with plant N status (Nordin et al. 1998; Strengbom et al. 2002) , we hypothesized that belowground interactions between the two crop species would increase the DI and DSI of wheat in proportion to increasing foliar N concentrations. However, the results of the present study have not fully supported our hypothesis. Overall, DI and DSI showed no significant differences among belowground partition treatments in either experiment (Fig. 2) . In the pot experiment belowground interactions (I compared with P) led to wheat foliar N concentrations increasing by 98.0, 37.6, 8.7 and 7.0% for N 0 , N 0.05 , N 0.1 and N 0.2 , respectively (Table 2) , associated with DI decreasing by 29.3, 15.6, 3.8% and DSI decreasing by 25.7, 16.0, 0.9% for N 0 , N 0.2 , N 0.1 , respectively, but DI and DSI increasing by 23.7% and 40.6% for N 0.05 (Table 4 ). In the field experiment belowground interactions increased wheat foliar N concentrations by 11.0 and 15.2% at N 0 and N 150 and lowered them by 5.7% at N 300 but the corresponding DSI values increased by 25.5, 34.2 and 19.9%, respectively (Table 4) . This indicates that belowground interspecific interactions had different effects on wheat N nutrition and powdery mildew occurrence under different N rates, and there were considerable differences between the pot and field experiments in terms of which belowground interactions influenced wheat N nutrition and powdery mildew pathogen development. Dakora (2003) and Morgan et al. (2005) discussed biological control mechanisms such as competition for nutrients, production of antibiotics and degradation of enzymes, antifungal compounds (defensive compounds) and phytoalexin accumulation, and induced resistance from bacterial or fungal symbiosis in the rhizospheres of mixtures of legumes and non-legumes. Although we do not fully understand the mechanisms involved in the present study, our observations imply that, in addition to plant N status, there were likely to be other factors that influenced the occurrence of powdery mildew in the presence of belowground interactions between wheat and associated faba bean and this merits further investigation.
Separate effects of below-and aboveground interactions and intercropping on wheat powdery mildew As discussed above, belowground interactions between wheat and faba bean in the field promoted the occurrence of wheat powdery mildew under different N rates. The effects of aboveground interactions on powdery mildew in the field showed a clear tendency to promote the disease at N 0 but depress it at N 150 and N 300 (Table 4 ). This indicates that the effect of aboveground interactions on powdery mildew varies with different N application rates. One possible explanation is that changes in microclimate may explain the observations as follows. With no applied N, sole wheat and intercropped wheat were both deficient in N, plant growth was limited, and the microclimatic conditions in the sole wheat plots and the intercropped plots were similar, therefore the effects of aboveground interactions on DI and DSI may have been derived mainly from underground interactions which promoted wheat shoot growth and thereby indirectly influenced DI and DSI in contrast to changes in microclimate resulting from aboveground interactions. However, under application of 150 or 300 kg N ha -1 the wheat plants grew in overcrowded conditions in both monoculture and intercropped plots but the microclimates differed between monoculture and intercropped plots due increased velocity of air movements and correspondingly lower humidity, i.e. conditions is less conducive to infection by and growth of the powdery mildew pathogen in the intercropped plots compared with sole wheat. Similar explanations for experimental observations have been proposed by Carroll and Wilcox (2003) for grapevine powdery mildew and by Zhu et al. (2005) for rice blast. Because the effect of intercropping was considered as the sum of the effects of below-and aboveground interactions, DI and DSI of intercropped wheat compared with sole wheat increased only at N 0 but changed little at N 150 and N 300 and the differences due to intercropping between N 0 and N 150 or N 300 were significant (Table 4) . These results have theoretical importance for understanding the separate contributions of below-and aboveground interactions in intercropping systems with different N application rates to influences on foliar diseases such as blast, rust and powdery mildew.
Relationship between foliar N status and DSI Under both field and greenhouse conditions significant positive relationships were found between foliar N concentration and DSI (Fig. 3  a, b) , although the forms of the best-fit regression equations were different. In the pot experiment a substantial increase in wheat foliar N concentration was associated with a very low DSI that changed little at N 0 (N: 3.1-8.2 g kg -1 ; DSI: 0.9-4.5%) but with an exponential increase in DSI at N 0.05 (N: 8.8-14.7 g kg -1 ; DSI: 4.6-26.4%) but a small increase in wheat foliar N concentration was associated with a substantial increase in DSI at N 0.1 (N: 17.1-20.4 g kg -1 ; DSI: 12.4-38.4%) and N 0.2 (N: 18.5-21.2 g kg -1 ; DSI: 26.3-54.8%). In the field experiment, however, a relatively large increase in wheat foliar N concentration was associated with a clear increase in DSI not only at N 150 (N: 18.3-26.4 g kg -1 ; DSI: 11.9-31.5%) and N 300 (N: 21.9-30.7 g kg -1 ; DSI: 16.1-44.0%) but also at N 0 (N: 11.7-18.9 g kg -1 ; DSI: 1.7-10.5%). This indicates that wheat powdery mildew was very sensitive to N regardless of its source (e.g. N fertilizer application, atmospheric wet or dry deposition, or irrigation water).
There are several possible explanations for the differences in the results of the pot and field experiments. First, different cultivars of wheat and faba bean were used in the two experiments and these may have had different nutritional and pathogen resistance characteristics. Second, the different edaphic and environmental conditions may have exerted different effects on plant growth in the greenhouse and in the field. Third, there may have been different effects of the belowground partitions in the two experiments. In the pot experiment the plastic film (P) would have prevented direct root contact, the P treatment would have prevented solute movement while in the nylon mesh (M) treatment limited root contact may have occurred and solute exchange would also have been possible between the two pot compartments. In the field experiment, however, plastic film to a depth of 0.5 m may not have completely prevented contact between some roots of wheat and faba bean and all solute movement. Fourthly, native soil N supply may have differed in the greenhouse and in the field. In addition, some N inputs may have occurred in the field from dry or wet atmospheric deposition (Diekmann and Falkengren-Grerup 2002) or from irrigation with river water. Because of this, even though the soil used in the pot experiment had higher fertility than that in the field experiment (Table 1) , the degree to which N nutrition of wheat was improved by ambient N in the field experiment may have been larger than in the pot experiment, as evidenced by the similarity in the changes in foliar N concentrations and DSI of wheat leaves at N 0 in the field experiment and at N 0.05 in the pot experiment (Fig. 3) .
Conclusions
Wheat foliar N was enhanced substantially by N addition in greenhouse and field conditions and also by belowground interactions between wheat and faba bean in the pot experiment. There was a significant synergistic effect between N rate and belowground interactions on the enhancement of wheat N nutrition. Wheat powdery mildew DI and DSI increased markedly with increasing N rate in both field and greenhouse experiments. In the pot experiment DI and DSI showed no marked differences among root partitions but belowground interactions between wheat and faba bean had different effects under different N rates. This implies that, in addition to plant N status, there are likely to be other factors that influence the occurrence of powdery mildew in the presence of belowground interactions between wheat and faba bean and this merits further research. In the field experiment DI and DSI showed no significant differences among planting patterns. However, the contributions of aboveand belowground interactions to disease control were different, with belowground interactions increasing DI and DSI under different N rates and aboveground interactions increasing DI and DSI under zero-N application but decreasing DI and DSI at 150 and 300 kg N ha -1 . This is likely to be associated with changes in microclimate due to aboveground interactions in N-fertilized intercropping plots.
